Abstract. As the energy demand increases the power industry has to enhance both efficiency and environmental sustainability of power plants by increasing the operating temperature. The accurate creep fatigue life assessment is important for the safe operation and design of current and future power plant stations. This paper proposes a practical creep fatigue life assessment case of study by the Linear Matching Method (LMM) framework. The LMM for extended Direct Steady Cycle Analysis (eDSCA) has been adopted to calculate the creep fatigue responses due to the cyclic loading under high temperature conditions. A pipe intersection with dissimilar material joint, subjected to high cycling temperature and constant pressure steam, is used as an example. The closed end condition is considered at both ends of main and branch pipes. The impact of the material mismatch, transitional thermal load, and creep dwell on the failure mechanism and location within the intersection is investigated. All the results demonstrate the capability of the method, and how a direct method is able to support engineers in the assessment and design of high temperature component in a complex loading scenario.
Introduction
High temperature structures play an important role in power industry, due to the increasing necessity of more efficient coal-fired [1] , cost competitive concentrating solar power plants [2] , and for the IV generation high temperature reactors [3] . This latter class of structures pose great challenges, for both material science and structure integrity. Indeed it is known that the next high temperature reactors will have an outlet temperature of about 700-850 °C, and it is planned to be increased up to 1000 °C [4] . It is recognized that the interfaces between dissimilar metals and welds are the most probable location of crack initiation due to the stress concentration. A typical dissimilar material joint is composed of a structural pressure vessel ferric steel (SA508), a Nickel based filler material (INCO182) and a structural stainless steel (316LN) [5] .
Thermal fatigue is typically caused by the coefficient mismatch of thermal expansion, and by heat-up and cool-down cycles. Moreover, if a creep dwell is introduced within the load cycle, dangerous mechanisms can occur. The importance of creep has been highlighted by [6] , further confirming the tendency of strain to be accumulated during the creep dwell in a localized area near the weld/steel interface. Moreover, high temperature creep can enhance the cyclic plasticity and in extreme case introduces an incremental collapse mechanism known as creep-ratchetting [7] . Creep-fatigue interaction is assessed by R5 [8] by calculating the effect of fatigue and creep separately. Hence this approach is not accurate and can produce over conservative results.
In this paper previous ratchet analysis for a pipe intersection with dissimilar material join [9] is extended to consider creep fatigue interaction. The study is carried out using the Direct Steady Cycle Analyses recently extended by [10] for creep-fatigue assessment, within the Linear Matching Method Framework. High temperature fatigue and creep-fatigue interaction are investigated in order to understand the impact of different loading conditions, including various thermal load level, and creep dwell on the failure mechanisms.
The Linear Matching Method for creep-fatigue interaction
The LMM has been developed with the support from the R5 panel, in order to enhance the R5 by providing robust and efficient numerical methods to assess the responses of a structure subjected to complex cyclic load histories. This has been accomplished by exploiting direct method approach to calculate different types of design limits such as shakedown limit, ratchet limit and creep rupture limit in an efficient but accurate way. The LMMF has been further enhanced by introducing the Direct Steady Cycle Analysis (DSCA), which has been developed to fully simulate the low cycle fatigue life of a structure. This procedure has been further extended in order to consider the effect of a creep dwell and it has been applied to study the creep-fatigue interaction in weldment [11] and Metal Matrix Composites [12] . As other LMM procedures, the extended DSCA is also based on an iterative approach, which only uses a number of iterative linear solutions to represent nonlinear material behaviours including both the creep and plasticity. The cyclic loading history is represented by the most extreme load points, which remarkably reduces the computational time, without decreasing the accuracy of the method. For a given cyclic loading condition, the LMM is capable of considering a full creep fatigue interaction during the cycle. This procedure allows for an accurate calculation of the stress at the start of the creep dwell, the creep strain, the related elastic follow-up factor and the total strain range during the load cycle [10] . All the aforementioned quantities are calculated by considering the creep and cyclic plasticity interaction. This LMM approach is much more accurate than other approximate methods, which does not consider a full creep fatigue interaction in the numerical model.
The dissimilar material joint problem
The dissimilar material joint analysed in [9] for the shakedown and ratchetting limits is re-investigated in this paper for the creep fatigue assessment. The component is composed of a main pipe, a weld and a branch pipe. The main pipe is made of 316LN stainless steel, and it has a radius of 120 mm and a thickness of 15 mm. The branch pipe is made of structural steel SA508, with a radius of 16.5 mm and a thickness of 3.5 mm. They are connected with a weld material (INCO182), which has a thickness of 3.5 mm, and the face forms an angle of 45 degrees to the main pipe. The same material properties are adopted as those in [13, 14] , and the temperature dependent yield stress is considered. The coefficient of thermal expansion is kept constant and chosen at the maximum allowable temperature of 600°C. This is a reasonable assumption, which allows for a margin of conservatism.
Two thermal loading scenarios are studied; the first considers a cycling homogenous (i.e. identical) high temperature across the entire component, where the thermal stress is induced by the different coefficients of thermal expansion between dissimilar materials. Instead the second one takes into account further the effect of a transient thermal gradient. For the latter case, 4 sequential load steps are considered to calculate plastic and creep behaviours for the steady state load cycle. At the first load step, the internal temperature is 0 θ θ + ∆ and the outer is 0 θ . Then at step 2, the entire component is at uniform temperature of 0 θ θ + ∆ . At the third load step, previous uniform temperature is held constant to consider the effect of creep dwell. Finally at the fourth load step, the temperature of the entire component returns to 0 θ . Three dwell times of 1, 10 and 100 hours have been considered to study the impact of the creep dwell. Due to the symmetry condition of the model and the load applied, a quarter of the pipe intersection is considered. Furthermore, both ends of the pipes are constrained to expand in-plane. The mesh has been refined around the critical location of the weld region, leading to a model with a total of 4038 20-nodes solid isoparametric elements with reduced integration scheme.
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Results and discussions
The first loading scenario investigated is the one with cyclic pure uniform thermal load (550°C), and results are summarized in Figure 1 for the different creep dwells. When creep does not take place a classical closed loop occurs (solid line), and the component is operated in the plastic shakedown domain. In this case the main contribution to the fatigue failure of the component is made by the thermal stresses due to the coefficient mismatch of thermal expansion. Instead when a creep dwell is introduced, a stress relaxation occurs (Figure 1a ) enhancing the fatigue damage by further increasing the reverse plasticity. Moreover, due to the presence of the creep dwell, creep-ratchetting can be induced even for a pure thermal load. This mechanism has been discussed in detail by [7] , and it is enhanced by the dwell period as shown in Figure 1b where the creep strain against the net plastic strain are reported. For a short dwell (up to 10 hours) the ratchet strain per cycle is numerically negligible, but when dwell time increases the reversed plasticity is not fully recovered by the creep strain and creep-ratchetting occurs. For this particular loading condition the creep-ratchetting mechanism is dominated by the plastic strain accumulated during the unloading phase. In such a scenario the failure is always located in the weld material, near to the interface region between the weld and main pipe material. When the temperature transition is considered, its effect is remarkable and changes the structure behavior, even without the presence of creep dwell. This temperature transition increases the possibility to have the dangerous failure mechanism known as thermal ratchetting, which is common for piping components, which contain high temperature travelling fluids even at very low pressure. In this case the temperature transition does not move along the pipe direction, but across its thickness, affecting also the temperature dependent yield stress. Despite this mechanism, due to the high ductility of the weld material, the failure is fatigue dominated and localized in the toe of the weld. By a visual comparrison (Figure 2 ) between the simulation result and a typical thermal fatigue crack, good agreement with the same failure location has been demonstrated. 
Innovation in Testing and Evaluation of Structural Integrity
When creep is considered, the failure location changes depending on the duration of the creep dwell. Due to the applied load type, which is a secondary load, the stress relaxation is significant across the entire component as shown in Figure 3a . This stress relaxation allows the stress to redistribute and affects the location of the failure mechanism. For short dwell (1 hour) the creep strain accumulates internally at the SA508 and INCO182 interface, as reported in [6] and shown in Figure  3b . However, with the increase of the dwell time, the creep strain starts to accumulate externally. For the 100 hours of dwell time, creep strain starts to accumulate also in the main pipe, and increases the affected area. For this long dwell time, the contribution of creep to the failure mechanism is significant, and it competes with the fatigue damage, which is also enhanced by the stress relaxation. The change of the residual stress field due to the increase of the creep dwell time is the cause of such change of mechanism. In order to verify the results obtained by the LMM, a Step-by-Step analysis has been performed. The results are summarized in Table 1 , and confirm the accuracy of the LMM. The stress levels and the inelastic strains predicted are in a very good agreement. However, the CPU time required by the SBS to complete the entire simulation is 14680 seconds, against the 766s required by the LMM. It is important to underline that the detailed SBS is inefficient in terms of computational cost, and requires for this complex case of study at least 1000 steps and 18237 increments to ensure that the steady state has been obtained. Conversely, the LMM, as an iterative direct method, only needs 1 single step with 150 increments to reach the convergence. This further demonstrates the advantages of the adopted LMM, over the full inelastic analysis. 
